This article aims to study the codigestion of food waste (FW) and three different lignocellulosic wastes (LW) (Corn stover (CS), Prairie cordgrass (PCG), and Unbleached paper (UBP)) for thermophilic anaerobic digestion to overcome the limitations of digesting food waste alone (volatile fatty acids accumulation and low C:N ratio). Using an enriched thermophilic methanogenic consortium, all the food and lignocellulosic waste mixtures showed positive synergistic effects of codigestion. After 30 days of incubation at 60 • C (100 rpm), the highest methane yield of 305.45 L·kg −1 volatile solids (VS) was achieved with a combination of FW-PCG-CS followed by 279.31 L·kg −1 VS with a mixture of FW-PCG. The corresponding volatile solids reduction for these two co-digestion mixtures was 68% and 58%, respectively. This study demonstrated a reduced hydraulic retention time for methane production using FW and LW.
Introduction
Anaerobic digestion for the production of biogas is an environmentally friendly multi-step process employing complex consortia of microorganisms. These consortia comprise various facultative or obligate anaerobic microbial groups which work synergistically and convert complex organic substrates into biogas. Biogas with 60-70% of its component being methane is a combustible renewable energy that can be used as an alternative energy source to replace fossil fuels, either by direct combustion to generate heat and electricity, or through upgradation to be used as vehicle fuel and injection into the gas grid [1] [2] [3] [4] . After the on-site demand of the produced biogas is met, the remaining biogas is usually stored as compressed natural gas (CNG) or liquefied biomethane (LBM) for future use. While the biogas industry in Europe is well established, with more than 10,000 biogas producing Anaerobic digestion (AD) plants in operation, in the United States, the biogas industry is still growing. According to the American Biogas Council, 1241 wastewater treatment plants and 236 farms have functional Biogas plants [5] . Currently, the feedstocks used for biogas production in these anaerobic digesters are limited, and therefore it is important to explore new substrates to meet the growing energy needs.
Food waste (FW) is an attractive substrate for AD because of its low total solids (TS) and high content of soluble organics which make it readily biodegradable. Additionally, FW offers utilization efficiency [8] . The use of co-substrates for AD has shown to produce higher biogas yields due to positive synergisms established in the digestion medium and the supply of missing nutrients by the co-substrates [15, 16] . Mixing organic substrates often results in the formation of a codigestion mixture with a C/N ratio included in the optimal range of 20-30% as reported in the literature [16] [17] [18] . The additional benefits of the codigestion process are (1) the dilution of the potential toxic compounds present in any of the co-substrates involved; (2) the adjustment of the moisture content and pH; (3) supply of the necessary buffer capacity to the mixture; (4) the increase of the biodegradable material content; and (5) the widening the range of bacterial strains taking part in the process [17] .
Like food waste, lignocellulosic wastes (LW), which include agricultural residues (corn stover, rice straw), herbaceous crops (switchgrass, prairie cordgrass) and waste paper, are extensively available low-cost substrates. Lignocellulosic wastes are in fact the most abundant renewable organics, reaching, annually, over 150 billion tons in the form of plant biomass [19] . Due to their chemical composition based on sugars and other compounds of interest, they could be utilized to produce several value-added products, such as ethanol, biogas, food additives, organic acids, enzymes, and others [20] [21] [22] [23] . Therefore, besides the environmental problems caused by their accumulation, the non-utilization of these materials constitutes a loss of potentially valuable sources [24] . Previous studies report that the methane generation potential is expected to be much higher if lignocellulosic biomass resources are used. It is estimated that 4.2 trillion cubic feet per year (about 4,318 trillion British thermal units [25] ) LW are available, the biogasification of which can displace about 46% of current natural gas consumption in the electric power sector and the entire natural gas consumption in the transportation sector [26] . Moreover, being a second-generation feedstock for biofuel, the use of lignocellulosic residues does not compete for arable land [27, 28] . Thus, utilizing LW in the AD process is a promising option. Still, the AD of LW alone has several limitations, such as the high C:N ratio creating nitrogen deficiency, the risk of producing inhibitors (e.g., furfural and hydroxymethylfurfural), a less digestible biomass, a high heat demand [29, 30] , and long digestion time due to their low cellulose, hemicellulose, and lignin conversion rates [8] .
Performing anaerobic codigestion of FW with LW can overcome the limitations of their respective mono-digestions. Previous studies have also demonstrated the role of codigestion of FW and LW in the adjustment of C:N ratio [31] , in the reduction of the start-up time and volatile fatty acid (VFA) accumulation [32] , and in the enhancement of methane yield. Yong et al., 2015 examined the potential of co-digestion of food waste and straw at 35 • C. The study showed increased methane yield reaching 0.392 m 3 ·kg −1 VS at an optimal mixing ratio of 5:1 (FW: straw), which marked a 39.5% and 149.7% increase in methane yield compared with individual digestion results of food waste and straw, respectively [8] . In another study, Jabeen et al., 2015, codigested FW with rice husk in a pilot-scale mesophilic (37 • C) anaerobic reactor. They obtained a daily biogas production of 196 L·d −1 , at an organic loading rate of 6 kg VS·m −3 ·d −1 , which decreased to 136 L·d −1 at a loading rate of Energies 2018, 11, 2058 3 of 13 9 kg VS/m 3 /d. They attributed the decrease in biogas production, reactor stability, and volatile solids removal efficiency to the increase in organic loading rate [33] . These effects of high organic loading rate are more profound in mesophilic anaerobic reactors as compared to thermophilic reactors.
In all the studies mentioned above, the anaerobic co-digestion of FW and LW improved process performance and increased biogas production. However, a major disadvantage of using LW is the recalcitrant nature of their cell wall. The intricate composition of lignocellulosic materials, where cellulose fiber is tightly linked to hemicellulose and lignin, hinders their biodegradability and thus limits their use as co-substrates for AD. The recalcitrant nature of the LW necessitates the inclusion of the pretreatment step (physical, chemical or biological) for their efficient conversion into biofuels [34] . The use of thermophilic digesters can eliminate the use of costly and sometimes hazardous pretreatment steps. Thermophilic anaerobic digestion (TAD) allows for the better degradation of LW by increasing the microbial hydrolysis rate which is considered the slowest as well as rate limiting step [35] . Besides aiding methanogenesis through increased hydrolysis rate, TAD also decreases the level of pathogens. This reduces the potential health hazards for the biogas plant operators as well as ensures safe disposal of the digestate after process completion [36] .
Most of the studies to date on the codigestion of FW and LW have been conducted under mesophilic conditions [31, 33, [37] [38] [39] which require higher hydraulic retention times (HRTs) and lower organic loading rates. Here, however, we attempt to assess the methane production from codigestion of FW and LW under thermophilic conditions. The objectives of this study were to (1) evaluate the methane potential and biodegradability of FW, corn stover (CS), prairie cordgrass (PCG), and unbleached paper (UBP) at 60 • C and (2) describe the trends of methane yield, process stability, and digester performance, when these are codigested using a pre-acclimatized thermophilic methanogenic consortium. In South Dakota, PCG is abundant and can offer local alternatives to corn for the production of biofuels. This study is the first attempt at investigating the co-digestion of FW with PCG under thermophilic conditions (60 • C). The results of this study could provide baseline data for the adoption of Thermophilic Anaerobic Digestor (TAD) using readily available PCG as feedstocks for biogas generation.
Materials and Methods

Feedstock and Inoculum
The FW and three different types of LW-CS, PCG, and UBP-were used as feedstocks for TAD. CS and PCG were kindly provided by Dr. K. Muthukumarappan from South Dakota State University, Brookings, SD. The FW and UBP were collected from the cafeteria at the South Dakota School of Mines and Technology and stored at 4 • C. LW were reduced in size using a cutting mill and sieved through sieve between 15 and 10 mm pores (SM 200, Rectch GmbH, Haan, Germany). The particle size of the FW was also reduced by crushing it in an electrical kitchen blender, and the resultant FW slurry was sieved to remove coarse particles larger than 15 mm. The effect of shredding paper had been tested previously and did not influence the AD performance [40] , so the UBP was hand cut. Inoculum used in this study was effluent procured from an anaerobic digester at the Waste Water Reclamation Plant, Rapid City, SD which was enriched in our lab. The enrichment details are included in our previous report [41] . This enriched thermophilic methanogenic consortia (called TMC) was used as the inoculum for this study and stored in an air-tight container at −20 • C. The characteristics of substrates and inocula are presented in Table 1 . Each data point presented was the average of triplicate measurements of the same feedstock.
Experimental setup for Batch Tests
Batch tests were conducted in 500 mL serum bottles with a working volume of 200 mL containing 180 mL of anaerobic culture medium and 20 mL (10%, v/v) TMC. The composition of the anaerobic culture medium is given in Table 1 . To analyze the feasibility of the individual FW and LW for anaerobic digestion, different organic loadings (1%, 2%, 5%, and 10% w/v VS) of these samples were first tested, which constituted 16 mono-digestion tests (Table 2) . Based on this, seven FW samples (1 g VS each) were separately mixed with CS, PCG, or UBP for the anaerobic co-digestion study in mixing ratios as given in Table 3 . The substrate-free serum bottles containing inoculum, and the media served as controls. The experiments were repeated three times under the same conditions using the same co-digestion mixing ratios. The average pH of digestion mixtures T1, T2, T3, T4, T5, T6, and T7 after mixing with inoculum were 7.1, 7.1, 7.2, 7.1, 7.2, 7.3, and 7.3, respectively.
The substrates (according to Tables 1 and 2 ), media and 10% (v/v) inoculum were added in the serum bottles to make a total working volume of 200 mL. These digester bottles were capped with butyl rubber stoppers, crimped with aluminum caps, and nitrogen gas was purged into them for 20 min to simulate anaerobic conditions. The bottles were then incubated at 60 • C (100 rpm) for up to 30 days. Methane production was monitored at different time intervals, and the methane yield was reported as mL CH 4 per gram of Volatile solids (mL CH 4 /g VS). 3 20 mM Nitsch trace element 2.5 mL (Note: FW = Food wastes; CS = Corn stover; PCG = Prairie cordgrass; UBP = Unbleached paper).
Analytical Methods
Total Solids (TS) and Volatile solids (VS) of the inoculum and feedstock were analyzed according to APHA Standard Methods [42] . The cellulose, hemicellulose, and lignin content were determined according to standard NREL analytical procedures [43] . The product gas was sampled using a 100 µL gas-tight glass syringe (Hamilton Company, Reno, NV, USA), and measured using gas chromatography (Agilent Technologies 7890A) equipped with a thermal conductivity detector at 200 • C and a Supelco Porapak Q stainless steel packed column (6 ft × 1/8 in). Nitrogen was the carrier gas at a rate of 10 mL/min. The conditions for CH 4 analysis were as follows: injector temperature: 70 • C; detector temperature: 100 • C; and oven temperature: 1 min at 35 • C, followed by a 5 • C/min ramp to 50 • C with a hold time of 2 min (total run time 4.5 min). The VFAs (acetic acid, propionic, and butyric acid) were measured using an Aminex HPX-87 H column with 0.005 N sulfuric acid as the mobile phase. Liquid samples were sent to Atlantic Microlab, Norcross, GA for elemental analysis.
Methane yield (mL/g VS) was calculated as the volume of methane as produced per g of VS feedstock loaded into the digester bottles initially and corrected by subtracting the methane yield obtained from the control bottle [44] . VS represents the organic portion of the material solids that can be digested, while the remainder of the solids is considered as fixed. The 'fixed' solids are non-biodegradable [45] . The pH value of each mixture before and after the digestion process was measured with an Oakton pH 700 meter. Process stability was assessed in terms of final pH and VFA accumulation, and performance was measured in terms of methane production and VS removal efficiencies. The carbon to nitrogen ratio was calculated using the following equation [37] :
where TOC = the total organic carbon (%VS) and TN = total nitrogen (%VS).
Statistical Analysis
The batch tests were conducted in triplicates, and each data point was the average of triplicate readings for all the chemical analysis and measurements. The statistical significance of the results was analyzed by Analysis of Variance (Two-way ANOVA) with a 95% level of confidence (p = 0.05) [46] . Statistical analysis was done using GraphPad Prism version 7.04 (GraphPad Software, San Diego, CA, USA). The results of the analysis are given in the supplementary files.
Results and Discussion
Feedstock and Inoculum Characteristics
The results of the feedstock characterization are shown in Table 4 . FW had a moisture content of 84.8% and a VS/TS ratio of 90.8%. These results comply with previous reports in the literature where the moisture content and VS/TS ratio of FW was 69-93% and 85-95%, respectively [47] . FW containing a high amount of digestible organic matter is suitable for anaerobic microbial growth and attaining high methane yield. However, elemental analysis showed that FW had a C:N ratio of 13:1, which was too low to maintain nutrient balance in the anaerobic digester. TS and VS contents of the three LW (CS, PCG, UBP) were higher than that of FW, and their VS/TS ratios were between 85% to 95% making them suitable feedstocks for TAD ( Table 1 ). The C:N ratio was found to be the highest for UBP (124:1), followed by CS (55:1) and PCG (41:1), which was higher than the optimum range required (20-30:1) [48] . The cellulose content was the highest in UBP (84.5%) and lowest in PCG (30.3%). CS had the highest hemicellulose content among the tested feedstocks and PCG had the highest lignin content. UBP had the lowest hemicellulose and lignin content.
The inoculum (TMC) used in this study was enriched through sub-culturing techniques [41] . Briefly, 10% (v/v) effluent from the wastewater reclamation plant was inoculated in 200 mL of anaerobic medium (Table 1 ) in 500 mL serum bottles. One-gram VS of mixed wastes (containing equal amounts of FW, CS, PCG, and UBP) was used as the substrate and the bottles were incubated at 60 • C and 100 rpm. When methane production reached a stable level, 10% (v/v) of the actively growing anaerobic culture was transferred into fresh media (200 mL) containing another 1 g of mixed waste. After 10 serial transfers, a methanogenic consortium growing at 60 • C was obtained that produced methane using FW, CS, PCG, and UBP as a carbon and energy source. The enriched TMC had a VS content, TS content, and C:N ratio of 6.1%, 8.3%, and 2.7, respectively. During optimization, a pH of 7.5, 2-3% (w/v) substrate loading, and 10% (v/v) inoculum density had a profound effect on consortium growth and subsequent methane production. The microbial community analysis of the inoculum highlighted the role of the bacterial orders-Clostridiales, Bacillales, Bacteroidales, and Thermoanaerobacteriales-in the anaerobic degradation of the complex organic polymers present in FW and LW. As expected, the hydrogenotrophic pathway was found to be the dominant pathway of methanogenesis where Methanothermobacter were the predominant archaea in TAD (Supplementary Figure S2A-D) . 
Thermophilic Anaerobic Digestion of Individual Waste Substrates
Cumulative methane production for organic loadings of 1, 2.5, 5, and 10% (w/v VS) of FW is shown in Figure 1 . The highest methane yield of 321.5 L·kg −1 VS was obtained with an organic loading of 1% FW. The further increase of organic loading resulted in a significant decrease in methane production (p < 0.05), indicating inhibition of methanogenesis. This is due to the rapid rise in the concentration of VFAs with increasing organic load, causing an abrupt fall in pH (<5.3) and the consequent acidification of the anaerobic system (Figure 2 ). Previous studies have also reported a similar trend, in which the accumulation of superfluous VFAs was found to be inhibitory towards methanogens, thus causing a drop in their activity [49, 50] . The instability of the FW digesting system can also be attributed to the low C:N ratio of FW. A low C:N ratio causes ammonia accumulation, reduced substrate degradation, and even an inhibition of methanogenesis [8] .
The codigestion of FW with lignocellulosic biomass has shown to solve the problem by bringing in an opportunity to balance the nutrients content [15, 51] . However, the complex structures of lignin and other cell wall polysaccharides make lignocellulosic waste materials hard to biodegrade and to be used by anaerobic microorganisms, leading to a lower biogas production. Therefore, to assess the biodegradability of LW by the anaerobic consortia used in this study, CS, PCG, and UBP were digested individually at different organic loading rates (1, 2.5, 5, and 10%; w/v VS). Figure 1 presents the results of the mono-digestion study. The methane yield and solid content for all the substrates tested showed an inverse relationship where 1% w/v substrate gave the highest methane yield. Cumulative methane yields obtained with 1% LW were 236.14 L·kg −1 VS for UBP followed by CS (111.05 L·kg −1 VS) and PCG (94.87 L·kg −1 VS). The methane yields obtained in this study were comparable with values (80 to 530 L·kg −1 VS) reported by others for the same or similar agricultural and energy crops [39, [52] [53] [54] . Substrate concentrations of more than 1% w/v showed a significant decrease in methane production (p < 0.05). Nevertheless, these results indicated that the TMC can efficiently degrade LW anaerobically. (111.05 L·kg −1 VS) and PCG (94.87 L·kg −1 VS). The methane yields obtained in this study were comparable with values (80 to 530 L·kg −1 VS) reported by others for the same or similar agricultural and energy crops [39, [52] [53] [54] . Substrate concentrations of more than 1% w/v showed a significant decrease in methane production (P < 0.05). Nevertheless, these results indicated that the TMC can efficiently degrade LW anaerobically. 
Effect of Codigestion on Methane Yield and Digester Performance
High organic loading rates are desirable to reduce the digester volume and minimize capital losses, however, increased organic loading rates often result in VFA accumulation, nutrient imbalance, and sometimes the direct inhibition of methanogenesis, leading to complete digester failure [55] [56] [57] . Codigestion experiments were carried out with an organic loading of 2.5% FW to analyze the efficacy of codigestion in overcoming the limitations of high organic loadings observed (111.05 L·kg −1 VS) and PCG (94.87 L·kg −1 VS). The methane yields obtained in this study were comparable with values (80 to 530 L·kg −1 VS) reported by others for the same or similar agricultural and energy crops [39, [52] [53] [54] . Substrate concentrations of more than 1% w/v showed a significant decrease in methane production (P < 0.05). Nevertheless, these results indicated that the TMC can efficiently degrade LW anaerobically. 
High organic loading rates are desirable to reduce the digester volume and minimize capital losses, however, increased organic loading rates often result in VFA accumulation, nutrient imbalance, and sometimes the direct inhibition of methanogenesis, leading to complete digester failure [55] [56] [57] . Codigestion experiments were carried out with an organic loading of 2.5% FW to analyze the efficacy of codigestion in overcoming the limitations of high organic loadings observed 
High organic loading rates are desirable to reduce the digester volume and minimize capital losses, however, increased organic loading rates often result in VFA accumulation, nutrient imbalance, and sometimes the direct inhibition of methanogenesis, leading to complete digester failure [55] [56] [57] . Codigestion experiments were carried out with an organic loading of 2.5% FW to analyze the efficacy of codigestion in overcoming the limitations of high organic loadings observed in mono-digestion experiments. In the first set of tests, FWs (2.5% VS) were codigested with LW individually in three separate serum bottle digesters (T2, T3, and T4) where the concentration of CS, PCG, and UBP was 1.5% w/v (VS basis). As shown in Figure 3a , methane volume produced in these co-digestion studies with two waste mixtures was considerably higher than that obtained from the mono-digestion of FW (p < 0.05). This demonstrates positive synergistic effects among codigested wastes. The highest methane yield of 279.31 L·kg −1 was observed in T3 (FW + PCG), followed by 251.90 L·kg −1 in T2 (FW + CS) and 177.48 L·kg −1 in T4 (FW + UBP). Because a higher reduction in VS is indicative of better digester performance, a direct correlation between methane production and VS reduction was observed in this study (p < 0.05). Digester bottles with higher VS reduction yielded higher methane. The highest VS reduction of 45.7% was achieved in T3 (FW + PCG) followed by 38.7% in T2 (FW + CS), and 38.3% in T4 (FW + UBP). The lowest biodegradability of the FW + UBP mixture is reflected in the mixture's lower VS removal and consequently in its lowest methane yield.
The second set of experiments where the co-digestion mixtures comprised of 2.5% w/v FW and two LW (0.75 % w/v each on VS basis) showed a similar pattern of results (Figure 3b) . The highest methane yield of 305.45 L·kg −1 VS and a VS reduction of 68.5% were obtained with FW:CS:PCG (T5) mixture, while the lowest yield of 219.9 L·kg −1 VS and a VS reduction of 49.8% was observed with FW + UBP + CS (T7) mixture. The higher methane production for some codigestion mixtures over others can be attributed to the C/N ratio for these mixtures which were in the recommended range of 20:1 and 30:1 [18, 58] .
At a constant organic loading of 4 g VS, the highest methane yield among all the codigested mixtures was obtained with FW + PCG + CS (305.4 L·kg −1 VS), followed by FW + PCG (279.3 L·kg −1 VS). This marked a 94% and 74% increase in methane production compared to the mono-digestion of FW. Previous studies have also shown similar results but were performed at mesophilic temperatures and had higher hydraulic retention times (>30 days) in comparison to our study (18 days). Xu and Li, 2012 reported the highest methane yield of 304.4 L/kg VS feed with a codigestion mixture containing an equal amount of corn stover and dog food, 109% compared to methane yield from mono-digestion dog food, respectively [32] . In another study conducted by Brown and Li, 2013 , the increased methane yields and volumetric productivities were observed with the co-digestion of food waste with yard waste. Food waste to yard waste mixture of 1:9 gave the highest volumetric productivity of 8.6 L methane L −1 , with a 43% VS reduction [31] . They attributed nutrient balance as one of the reasons for enhanced synergism during co-digestion. in mono-digestion experiments. In the first set of tests, FWs (2.5% VS) were codigested with LW individually in three separate serum bottle digesters (T2, T3, and T4) where the concentration of CS, PCG, and UBP was 1.5% w/v (VS basis). As shown in Figure 3a , methane volume produced in these co-digestion studies with two waste mixtures was considerably higher than that obtained from the mono-digestion of FW (P < 0.05). This demonstrates positive synergistic effects among codigested wastes. The highest methane yield of 279.31 L·kg −1 was observed in T3 (FW + PCG), followed by 251.90 L·kg −1 in T2 (FW + CS) and 177.48 L·kg −1 in T4 (FW + UBP). Because a higher reduction in VS is indicative of better digester performance, a direct correlation between methane production and VS reduction was observed in this study (p < 0.05). Digester bottles with higher VS reduction yielded higher methane. The highest VS reduction of 45.7% was achieved in T3 (FW + PCG) followed by 38.7% in T2 (FW + CS), and 38.3% in T4 (FW + UBP). The lowest biodegradability of the FW + UBP mixture is reflected in the mixture's lower VS removal and consequently in its lowest methane yield. The second set of experiments where the co-digestion mixtures comprised of 2.5% w/v FW and two LW (0.75 % w/v each on VS basis) showed a similar pattern of results (Figure 3b) . The highest methane yield of 305.45 L·kg −1 VS and a VS reduction of 68.5% were obtained with FW:CS:PCG (T5) mixture, while the lowest yield of 219.9 L·kg −1 VS and a VS reduction of 49.8% was observed with FW + UBP + CS (T7) mixture. The higher methane production for some codigestion mixtures over others can be attributed to the C/N ratio for these mixtures which were in the recommended range of 20:1 and 30:1 [18, 58] .
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Effect of Codigestion on Process Stability
Reactor acidification due to the buildup of VFAs is one of the most common reasons for the process deterioration and instability in anaerobic digesters [48] . VFAs are naturally produced by acidogenic and acetogenic bacteria and accumulate during conditions of substrate overload in the reactor. Additionally, a high VFA concentration is usually associated with a drop in pH and a breakdown of the buffering capacity of the reactor [31, 59] . Hence, the final pH values in batch tests are another measure of system stability. Maintenance of the system pH in the proper range (6.5 and 7.6) is required for efficient anaerobic digestion [60] . Analysis of VFA concentrations and pH were done at the end of the batch experiments, and the results are shown in Figure 4 . While acetic acid represented major portion of the total VFAs produced, propionic acid and butyric acid were produced in lower amounts (Supplementary Figure S1) . The total VFA concentration was highest for T1 (FW) followed by T4 (FW + UBP) and T7 (FW + UBP + CS) which dropped the pH below 6 in all the three digesters creating instability. This instability directly affected the methane production which is evident from the lowest methane yield observed in T1, T4, and T7 (Table 5 ). The results indicated that these anaerobic reactors were operating under higher loading rates. Statistical analysis also showed that VFA concentration has a significant effect on methane yield with a p value of <0.05. The serum bottles having VFA concentrations of 1600-3300 mg/L did not show a drastic decrease in the pH of the system. 
Conclusions
Biogas production using the abundant wastes as the substrate is a promising technology both in renewable energy and solid waste management sectors. FW and LW are attractive co-substrates for TAD as their complementary characteristics can overcome the limitations faced by their monodigestion. The results suggested that codigesting FW with LW not only improved the system stability but also enhanced methane production, thus improving overall digester performance. At a constant organic loading of 4 g VS, the highest methane yield of 305.4 L·kg −1 VS was obtained with FW + PCG + CS followed by 279.3 L·kg -1 VS with FW + PCG. This marked a 94% and 74% increase in methane production compared to the mono-digestion of FW. Since the digester bottles with these codigestion mixtures showed increased system stability as well, they will be employed for scale-up studies.
The pretreatment of the LW increases the amount of available sugars for AD, but also increases the bioprocessing cost. As this study was conducted without employing any pretreatment, consortium development became a crucial step when the codigestion of LW was performed. The use of thermophilic temperature may increase the costs of the overall process but gives the added advantage of digesting higher organic loading of wastes at reduced hydraulic retention times. In addition, the surplus biogas produced can be used for heating purposes to maintain the reactor temperature in the thermophilic range. Nevertheless, the consortium developed in this study is significant for the co-digestion and can be used for scale-up studies. Codigestion mixtures showing the best performance and stability in this study will be used for scale-up studies to conduct the cost analysis. The present batch study can also direct further studies for setting up semi-continuous or continuous commercial scale plants for the codigestion of regionally abundant PCG with food waste 
Biogas production using the abundant wastes as the substrate is a promising technology both in renewable energy and solid waste management sectors. FW and LW are attractive co-substrates for TAD as their complementary characteristics can overcome the limitations faced by their mono-digestion. The results suggested that codigesting FW with LW not only improved the system stability but also enhanced methane production, thus improving overall digester performance. At a constant organic loading of 4 g VS, the highest methane yield of 305.4 L·kg −1 VS was obtained with FW + PCG + CS followed by 279.3 L·kg -1 VS with FW + PCG. This marked a 94% and 74% increase in methane production compared to the mono-digestion of FW. Since the digester bottles with these codigestion mixtures showed increased system stability as well, they will be employed for scale-up studies.
The pretreatment of the LW increases the amount of available sugars for AD, but also increases the bioprocessing cost. As this study was conducted without employing any pretreatment, consortium development became a crucial step when the codigestion of LW was performed. The use of thermophilic temperature may increase the costs of the overall process but gives the added advantage of digesting higher organic loading of wastes at reduced hydraulic retention times. In addition, the surplus biogas produced can be used for heating purposes to maintain the reactor temperature in the thermophilic range. Nevertheless, the consortium developed in this study is significant for the co-digestion and can be used for scale-up studies. Codigestion mixtures showing the best performance and stability in this study will be used for scale-up studies to conduct the cost analysis. The present batch study can also direct further studies for setting up semi-continuous or continuous commercial scale plants for the codigestion of regionally abundant PCG with food waste and help in tackling the conditions limiting methane production from higher organic loadings. 
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